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(54) PRODUCTION OF FUNCTIONAL SILICON MATERIAL 

(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a new technique for synthesizing a functional silicon material such as 
silicon nanotubes, silicon fullerenes, hollow onion-like silicon, hollow onion-like silicon containing a metal or the 
like in a high yield and in a high purity. 

SOLUTION: This method for producing a functional silicon material comprising at least one kind of silicon 
nanotubes, silicon fullerenes, hollow onion-like silicon and hollow onion-iike silicon containing a metal 
comprises irradiating and reacting a polysilane material containing at least one kind of Si=Si bonds and Si=Si 
bonds with at least one of light, electron beams and ion beams, heating and reacting the polysilane material 
containing at least one kind of Si=Si bonds and Si=Si bonds, or subjecting the polysilane material containing at 
least one kind of Si=Si bonds and Si^Si bonds to an irradiation treatment and a heating treatment to react the 
material. 
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CLAIMS 



[Claim(s)] 

[Claim 1] - By irradiating at least one sort of light, an electron ray, and an ion beam to the polysilane ingredient 
containing at least one sort of Si=Si- and -Si**Si- Or by heating the polysilane ingredient containing at least one 
sort of -Si=Si- and -Si**Si- Or by presenting exposure processing and heat-treatment with the polysilane 
ingredient containing at least one sort of -Si=Si- and -Si**Si- The process of the functional silicon ingredient 
characterized by making at least one sort of the hollow-onion-like silicon which is made to react and connotes a 
silicon nanotube, silicon FURAREN, hollow-onion-like silicon, and a metal form. 

[Claim 2] The process of the functional silicon ingredient according to claim 1 using the laser light of the 
wavelength of 300-1 200nm, an output 0.1-10 mJ/cm2 as an exposure light. 

[Claim 3] The process of the functional silicon ingredient according to claim 2 using the laser light of the 
wavelength of 400-800nm, an output 0.5 - 5 mJ/cm2 as an exposure light. 

[Claim 4] The process of the functional silicon ingredient according to claim 1 which performs electron beam 
irradiation with the acceleration voltage of l-2000kV to the bottom of reduced pressure of 10-2 - 10-7torr. 
[Claim 5] The process of the functional silicon ingredient according to claim 4 which performs electron beam 
irradiation with the acceleration voltage of l-2000kV to the bottom of reduced pressure of 10-3 - 10-5torr. 
[Claim 6] The process of the functional silicon ingredient according to claim 4 which performs electron beam 
irradiation with the acceleration voltage of 50-1 OOOkV to the bottom of reduced pressure of 10-2-1 0-7torr. 
[Claim 7] The process of the functional silicon ingredient according to claim 6 which performs electron beam 
irradiation with the acceleration voltage of 50-lOOOkV to the bottom of reduced pressure of 10-3 - 10-5torr. 
[Claim 8] The process of the functional silicon ingredient according to claim 1 which performs an ion beam 
exposure using helium ion or Ar ion made to ionize under reduced pressure of 100 - 10-4torr to the bottom of the 
condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[Claim 9] The process of the functional silicon ingredient according to claim 8 which performs an ion beam 
exposure using helium ion or Ar ion made to ionize under reduced pressure of 10-1 - 10-3torr to the bottom of the 
condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[Claim 10] The process of tiie functional silicon ingredient according to claim 8 which performs an ion beam 
exposure using helium ion or Ar ion made to ionize under reduced pressure of 100 - 10-4torr to the bottom of the 
condition of acceleration voltage 200V-lkV and the ion current 0.1 - 10 mA/cm2. 

[Claim 11] The process of the functional silicon ingredient according to claim 8 which performs an ion beam 
exposure using helium ion or Ar ion made to ionize under reduced pressure of 10-1 - 10-3torr to the bottom of the 
condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[Claim 12] The process of the functional silicon ingredient according to claim 1 which heats under a pressure 760 
- 10-6torr, and a condition with a temperature of 100-2000 degrees C. 

[Claim 13] The process of the functional silicon ingredient according to claim 12 which heats under a pressure 
10-1 - 10-3torr, and a 200-J 500-degree C condition. 

[Claim 14] The process of the functional silicon ingredient according to claim 12 which heats under a 
100-2000-degree C condition whenever [ helium / of a pressure 760 - 10-4torr /, or Ar ambient atmosphere 
moderate temperature ], 

[Claim 15] The process of the functional silicon ingredient according to claim 14 which heats under a 
200-1500-degree C condition whenever [ helium / of a pressure 760 - 10-4torr /, or Ar ambient atmosphere 
moderate temperature ]. 



DETAILED DESCRIPTION 



[Detailed Description of the Invention] 
[0001] 

[Field of the Invention] This invention relates to the process of the functional silicon ingredient containing at least 
one sort of the hollow-onion-like silicon which connotes a silicon nanotube, silicon FURAREN, 
hollow-onion-like silicon, and a metal. 

[0002] in addition, in this invention, the core of "hollow-onion-like silicon" is hollow, and the silicon laminated 
structure has developed into the onion to the perimeter — the silicon particle of the shape of spherical or a 
polyhedron is meant. In such hollow-onion-like silicon, the laminating of the silicon laminating is carried out to 

dozens of layers from the monolayer. 

[0003] moreover, metal particles exist in the hollow of the core of the above-mentioned "hollow-onion-like 
silicon" with "the hollow-onion-like silicon which connotes a metal" ~ the silicon particle of the shape of 
spherical or a polyhedron is meant. Although especially the metal to connote is not limited, Mg, aluminum, Au, 
etc. are mentioned, for example. 
[0004] 

[Description of the Prior Art] Conventionally, the highly efficient carbon material (a carbon nanotube (a 
"nanotube" may only be told to below), fullerene, hollow-onion-like carbon, hollow-onion-like carbon that 
connotes a metal) of nano size is compounded by the gaseous phase by the carbon arc process, the spatter, the 
laser light irradiating method, etc. by using carbon materials, such as amorphism carbon and graphite, as a raw 

material, 

[0005] On the other hand, although there is an example of research of the silicon cluster composition by the 
gaseous phase about a silicon ingredient, there is no example which compounded the silicon nanotube which 
replaced the carbon of a functional carbon material with silicon, silicon FURAREN, hollow-onion-like silicon, the 
hollow-onion-like silicon that connotes a metal. That is, according to the above-mentioned physical approach, a 
functional carbon material is formed of disassembly of the raw material by high temperature, evaporation, 
recombination, deposition, etc., but in applying this approach to composition of a silicon system ingredient, there 
is a trouble that disassembly of a raw material and evaporation cannot take place easily. 

[0006] Since the functional silicon ingredient is equipped with the property which was excellent in versatility, if a 
practical synthetic technique is established, application in laige fields, such as an environmental-proof ingredient, 
a heat-resistant ingredient, an abrasion resistance ingredient, a hydrogen absorption ingredient, an electron ray 
radiation emitter, and other electronic ingredients, is expected. Furthermore, when the technique which can form 
the high grade thin film which arranged the functional silicon ingredient on the substrate is established, it is 
predicted as a thing also with the further increasing usefulness. 
[0007] 

[Problem(s) to be Solved by the Invention] Therefore, this invention sets it as the main purposes to offer the new 
technique which compounds functional silicon ingredients, such as a silicon nanotube, silicon FURAREN, 
hollow-onion-like silicon, and hollow-onion-like silicon that connotes a metal, by high yield and the high grade. 
[0008] 

[Means for Solving the Problem] this invention person uses as a raw material the polysilane ingredient which has 
either [ at least ] a reactant double bond or a triple bond, as a result of advancing research in view of the present 
condition of the above techniques. That the new technique which compounds functional silicon ingredients, such 
as a silicon nanotube, should be completed, as a result of repeating research wholeheartedly, by using the 



electrochemistry reduction-technique The polysilane ingredient (precursor) which has a double bond and/or a 
triple bond reactant near ordinary temperature is compounded. By irradiating light, an electron ray, an ion beeim, 
etc. at low temperature comparatively at this precursor, or heat-treating this precursor, crosslinking reaction was 
carried out and it succeeded in manufacturing a functional silicon ingredient. 

[0009] That is, this invention offers the new manufacture approach of the functional silicon ingredient shown 
below.; 

1 . by irradiating at least one sort of light, an electron ray, and an ion beam to the polysilane ingredient containing 
at least one sort of -Si=Si- and -Si**Si- Or by heating the polysilane ingredient containing at least one sort of 
-Si=Si- and -Si**Si- Or by presenting exposure processing and heat-treatment with the polysilane ingredient 
containing at least one sort of -Si=Si- and -Si**Si- The process of the functional silicon ingredient characterized 
by making at least one sort of the hollow-onion-like silicon which is made to react and connotes a silicon 
nanotube, silicon FURAREN, hollow-onion-like silicon, and a metal form. 

[0010] 2. Process of functional silicon ingredient given in above-mentioned term 1 using laser light of wavelength 
of 300-1200nm, output 0.1 - 10 mJ/cm2 as exposure light. 

[00 11] 3. Process of functional silicon ingredient given in above-mentioned term 2 using laser light of wavelength 
of 400-800nm, output 0.5 - 5 mJ/cm2 as exposure light. 

[0012] 4. Process of functional silicon ingredient given in above-mentioned term 1 which performs electron beam 

irradiation with acceleration voltage of l-2000kV to the bottom of reduced pressure of 10-2 - 10-7torr. 

[0013] 5. Process of functional silicon ingredient given in above-mentioned term 4 which performs electron beam 

irradiation with acceleration voltage of l-2000kV to the bottom of reduced pressure of 10-3 - 10-5torr. 

[0014] 6. Process of functional silicon ingredient given in above-mentioned term 4 which performs electron beam 

irradiation with acceleration voltage of 50-lOOOkV to the bottom of reduced pressure of 10-2 - 10-7torr. 

[0015] 7. Process of functional silicon ingredient given in above-mentioned term 6 which performs electron beam 

irradiation with acceleration voltage of 50-lOOOkV to the bottom of reduced pressure of 10-3 - 10-5torr, 

[0016] 8. Process of functional silicon ingredient given in above-mentioned term 1 which performs ion beiam 

exposure using helium ion or Ar ion made to ionize under reduced pressure of 100 - 10-4torr to the bottom of 

condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[0017] 9. Process of functional silicon ingredient given in above-mentioned term 8 which performs ion beam 
exposure using helium ion or Ar ion made to ionize under reduced pressure of 10-1 - 10-3torr to the bottom of 
condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[0018] 10. The process of a functional silicon ingredient given in the above-mentioned term 8 which performs an 

ion beam exposure using helium ion or Ar ion made to ionize under reduced pressure of 100 - 10-4torr to the 

bottom of the condition of acceleration voltage 200V- IkV and the ion current 0.1-10 mA/cm2. 

[0019] 11. The process of 'a functional silicon ingredient given in the above-mentioned term 8 which performs an 

ion beam exposure using helium ion or Ar ion made to ionize under reduced pressure of 10-1 - 10-3torr to the 

bottom of the condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[0020] 12. The process of a functional silicon ingredient given in the above-mentioned term 1 which heats under a 

pressure 760 - 10-6torr, and a condition with a temperature of 100-2000 degrees C. 

[0021] 13. The process of a functional silicon ingredient given in the above-mentioned term 12 which heats under 
a pressure 10-1 - 10-3torr, and a 200-1500-degree C condition. 

[0022] 14. The process of a functional silicon ingredient given in the above-mentioned term 12 which heats under 
a 100-2000-degree C condition whenever [ helium / of a pressure 760 - 10-4torr /, or Ar ambient atmosphere 

moderate temperature ]. 

[0023] 15. The process of a functional silicon ingredient given in the above-mentioned term 14 which heats under 



a 200-1500-degree C condition whenever [ helium / of a pressure 760 - 10-4torr /, or Ar ambient atmosphere 

moderate temperature ]. 

[0024] 

[Embodiment of the Invention] As compared with the conventional approach, this invention approach is a 
half-chemical synthesis method under mild conditions, and is the technique of manufacturing the new functional 
silicon ingredient which assembles structure by the chemical reaction and goes. 

[0025] All or some of side chain carries out dehalogenation of the polysilane permuted vsfith the halogen by 
electrode reduction, and the polysilane ingredient which has at least one sort of the reactant double bond which 
serves as a raw material in this invention approach, and a triple bond compounds the polysilane ingredient which 
has a double bond and/or a triple bond. 

[0026] The polysilane by which all or some of side chain is permuted with the halogen is a well-known ingredient, 
for example, the process is reported to JP,63-233007,A etc. in detail. Therefore, the process is not limited, and can 
also mix and use two or more sorts which are [ molecular weight / a permutation condition, ] different. In the 
polysilane derivative by which some side chains are permuted with the halogen, any side chain radicals other than 
a halogen are not limited to these, although hydrogen, methyl, phenyl, etc. are illustrated. 

[0027] Moreover, in order for the above-mentioned side chain to compound the polysilane ingredient which has a 
double bond and/or a triple bond from the polysilane permuted with the halogen, electrode electrolytic reduction 
is performed. It is desirable to use reactant electrodes, such as Mg, aluminum, and Zn, as a working electrode in 
three electrode methods as an anode plate in the nonaqueous solvent which dissolved the supporting electrolyte 
and the energization assistant on the occasion of electrolytic reduction in two electrode methods. 
[0028] On the occasion of electrolytic reduction, one sort or these alloys of magnesium, aluminum, and zinc are 
used as a reactant electrode (namely, the anode plate in two electrode methods or the counter-electrode in three 
electrode methods). Especially as these alloys, although not limited, a magnesia alloy ("magnox";Mg=98.89%, 
aluminum=l%, calcium=0.1%, Ba=0.01%), an aluminium alloy ("duralumin";aluminum=95%, Cu=4.6%, 
Mg=0.5%), a zinc-aluminium alloy (Zn=78%, aluminum=22%), etc. are illustrated. 

[0029] Moreover, the ingredient of the cathode in two electrode methods and the working electrode in three 
electrode methods, especially a configuration, etc. are not limited. Stainless steel, carbon, platinum, gold, etc. are 
illustrated as these ingredients. An electrode configuration can choose the configuration of arbitration, such as a 
wire, a mesh, and a plate. 

[0030] As a supporting electrolyte, LiCl, LiC104 and LiBF4, NH4C1, NH4C104, NH4BF4, 4(CH3) NCI, 4(CH3) 
NC104, 4(CH3) NBF4, etc. are mentioned. In these, LiCl is more desirable. The operating rate of a supporting 
electrolyte is usually about 0.01 - 10 % of the weight to a solvent, and is about 0.5 - 5 % of the weight more 

preferably. 

[0031] As an energization assistant, FeC12, Fe (C104)2, Fe (BF4)2, etc. are mentioned, and FeC12 is more 
desirable in these. The operating rate of an energization assistant is usually about 0.1 - 30 % of the weight to a 
solvent, and is about 1 - 20 % of the weight more preferably. 

[0032] As a nonaqueous solvent, a tetrahydrofuran, N.N-dimethylformamide, an acetonitrile, etc. are mentioned 
and a tetrahydrofuran is more desirable in these. The amount of the nonaqueous solvent used is usually about 
20-200 weight twice to the aromatic hydrocarbon derivative which has a halogen atom, and is about 50-100 
weight twice preferably. 

[0033] In an electrolytic reduction reaction, when an electron moves to the polysilane derivative which has the 
halogen atom which is a reaction raw material and the functional group desorbed from the reaction intermediate 
*♦**$ as an anion, a silicon radical generates to a polysilane derivative and an adjacent silicon radical carries out 
coupling to it. When this reaction advances continuously, the silicon ingredient with which the multiple bond 



developed into altitude is pbtained from a polysilane derivative. However, in this electrolytic reduction reaction, 
an adjacent silicon radical is accompanied also by side reaction, such as decomposition in coupling (crosslink) of 
the silicon radical which it not only carries out coupling, but exists in a different molecule, and the generic point 
of a silicon radical, and disproportionation. 

[0034] in order [ then, ] to reduce side reaction — M(dppe)2X2[- among a formula, Fe, Co, or nickel;X adds CI, 
Br, or I] as a catalyst, and M gives priority to a main reaction. This operating rate of M(dppe)2X2 is usually about 
0.01 - 5 % of the weight to a solvent, and is about 0.1 - 2 % of the weight more preferably. 

[0035] As for the electrode electrolytic reduction of this invention, it is desirable to carry out under inert gas, such 
as nitrogen, argon gas, and helium. 

[0036] On the occasion of the electrode electrolytic reduction of this invention, an about [ 5-50V ] electrical 
potential difference is usually impressed, and an about [ 10-30V ] electrical potential difference is impressed more 
preferably. 

[0037] Moreover, the temperature at the time of the electrode electrolytic reduction of this invention is usually 
within the limits of about -20-10 degrees C, and is within the limits of about -10-5 degrees C more preferably. 
Reaction time is usually within the limits of about 5 - 24 hours, and is within the limits of about 8-12 hours more 

preferably. 

[0038] The silicon ingredient obtained by this invention approach includes either [ at least ] a double bond 
(-Si=Si-) or a triple bond (-Si**Si-). 

[0039] The attempt which compounds functional silicon ingredients, such as a silicon nanotube, by using a 
polysilane ingredient including such a reactant double bond and/or a reactant triple bond as a raw material is not 
made conventionally. 

[0040] By carrying out exposure processing of at least one sort of light (for example, laser light), an electron ray, 
and an ion beam to this in this invention by making a polysilane ingredient including a reactant double bond 
and/or a reactant triple bond into a precursor By heat-treating such a polysilane ingredient, or or by 
exposure-processing and heat-treating such a polysileme ingredient The ingredient or thin film which consists of a 
silicon nanotube, silicon FURAREN, hollow-onion-like silicon, hollow-onion-like silicon that connotes a metal, 
or two or more sorts of such inclusion (it may be called the "purpose product" below) is obtained. 
[0041] Composition of the purpose product can be performed by irradiating at least one sort, such as light, such as 
laser light, an electron beam, and an ion beam, or heat-treating a raw material polysilane ingredient to the 
above-mentioned raw material polysilane ingredient, or exposure-processing, and heat-treating a raw material 
polysilane ingredient (the sequence of both processings not being asked), and producing a reaction within a raw 
material. 

[0042] In performing an optical exposure to a raw material polysileme ingredient, it usually uses the wavelength of 
about 400-800nm, an output 0.5 - about two 5 mJ/cm laser light more preferably the wavelength of about 
300-1200nm, an output 0.1 - about two 10 mJ/cm. Although what is usually used can be used for the class of laser 
light and it is not restricted especially, Nd:YAG laser, Ti:Sa laser. Dye laser, Dye+SHG laser, Ar+ laser, Krf laser, 
etc. are mentioned, for example. 

[0043] In performing electron besim irradiation to a raw material polysilane ingredient, it usually irradiates the 
bottom of reduced pressure of 10-2 - 10-7torr extent (preferably 10 -3 - 10-5torr extent) with the acceleration 
voltage of about (preferably about 50-lOOOkV) l-2000kV. 

[0044] In performing an ion beam exposure, it arranges a raw material polysilane ingredient in a reduced pressure 
chamber (they are usually 10-1 - 10-3torr extent more preferably than 1 00 - 1 0-4torr extent;). The bottom of an 
about (preferably 200 about V-lkV) acceleration voltage lOOV-lOkV and the ion current 0.01 - about (preferably 
about two 0.1-10 mA/cm) two 100 mA/cm condition is irradiated using helium ion or Ar ion made to ionize. 



[0045] When irradiating in order to give reaction energy to a raw material polysilane ingredient, it is more 
desirable as a source of an exposure to use laser light. 

[0046] In heating a raw material polysilane ingredient, it usually heats at about (preferably about 200-1500 
degrees C) 100-2000 degrees C under reduced pressure of 760 - 10-6torr extent (preferably 10 under the pressure 
of -1 - 10-3torr extent). Or a polysilane ingredient may be heated at about (preferably about 200-1500 degrees C) 
100-2000 degrees C among helium of 760 - 10-4torr extent, or Ar ambient atmosphere. 

[0047] Furthermore, on the occasion of processing of a raw material polysilane ingredient, at least one sort and 

heat-treatment of the above-mentioned exposure processing may be used together. 

[0048] 

[Effect of the Invention] According to this invention, the following remarkable effectiveness is attained. 
[0049] (1) A silicon nanotube, silicon FURAREN, hollow-onion-like silicon, and metal-endocyst-onion-like 
silicon are producible by irradiating at least one sort of light, an electron beam, and an ion beam, or heat-treating 
such a polysilane ingredient to the polysilane ingredient containing either [ at least ] -Si=Si- or -Si**Si-, or 
exposure-processing and heat-treating such a polysilane ingredient. 

[0050] (2) choosing suitably the exposure processing and heat-treatment by light, the electron beam, and the ion 
beam as a processing means of a polysilane ingredient - or either a silicon nanotube, silicon FURAREN, 
hollow-onion-like silicon and metal-endocyst-onion-like silicon are alternatively producible by combining two or 
more processings. 

[0051] (3) Therefore, the functional silicon ingredient by this invention is useful as an environmental-proof 
ingredient, a heat-resistant ingredient, an abrasion resistance ingredient, a hydrogen absorption ingredient, an 
electron ray radiation emitter, other electronic ingredients, etc. 
[0052] 

[Example] It compounded by the approach of showing an example 1 functionality silicon ingredient below. 
[0053] Polysilane (HO-(Si (CH3) (C6H5)) n-OH:n=50) is used as a raw material. Polysilane is chlorinated and it 
is a chlorination object (HO- (after forming n-OH) (Si (CHS) (C6H5)) (Si (CHS) (CI))). According to the 
approach of carrying out electrolytic reduction of the polytetrafluoroethylene film shown in JP,8-335702,A in a 
reactant anode plate, the polysilane ingredient with the part which has a double bond was compounded. 
[0054] That is, with the following solvents, the chlorination object of the above-mentioned polysilane was 
prepared into the flask, and was dissolved. <BR> [0055] 

Tetrahydrofuran 30ml lithium chloride O.Sg ferrous chloride The vacuum drying was carried out, after having 
impressed the electrical potential difference of 40V between the anode plate (magnesium) installed in the flask, 
and cathode (stainless steel), having returned at 0 degree C for 10 hours, obtaining the polysilane powder which 
the double bond generated and washing this by the tetrahydrofuran subsequently to argon gas 0.48g, carrying out 
bubbling by argon gas after permuting the inside of a flask. The polysilane thin film was made to form on a 
substrate with a spin coat method by using the obtained product as a toluene solution 25%. 

[0056] After carrying out embedding of the polysilane thin film including the prepared double bond to the epoxy 
resin and cutting using a microtome for the electron-beam-irradiation processing by the transmission electron 
microscope (TEM:HITACHI H7100), the sample electrode holder was heated at 800 degrees C under the high 
vacuum of 10-6torr, and the electron ray was irradiated with the acceleration voltage of 100k V. 
[0057] Consequently, it has been checked with the transmission electron microscope that the silicon nanotube had 
been formed into the sample. 

[0058] After carrying out embedding of the polysilane ingredient sample including the double bond produced like 
example 2 example 1 to the epoxy resin and cutting using a microtome for the electron-beam-irradiation 
processing by the transmission electron microscope (TEM:HITACHI H7100), the sample electrode holder was 



heated at 300 degrees C under the high vacuum of 10-6torr, and the electron ray was irradiated with the 
acceleration voltage of lOOkV. 

[0059] Consequently, it has been checked with the transmission electron microscope that the onion-like silicon 
which connotes a magnesium particle had been formed into the sample. In case this magnesium particle returns a 
raw material, it is considered that the magnesium, ion generated from the anode plate deposited in the thin film as 
metal magnesium. 

[0060] The onion-like silicon sample which connotes the magnesium particle produced like example 3 example 2 
was raised to actuation of an example 2, sample electrode-holder temperature was succeedingly raised to 800 
degrees C, and it held for 10 minutes. Consequently, the magnesium particle by which endocyst was carried out 
carried out melting evaporation, and was removed, arid hollow-onion-like silicon was formed into the sample. 
[0061] The ion beam (Kauffmann mold ion source: an argon ion beam, acceleration voltage:500V, ion current 
consistency: lmA/cm2) was irradiated for 10 minutes in the reduced pressure chamber (4xl0-2torr) to the 
polysilane ingredient sample including the double bond produced like example 4 example 1 . 
[0062] After extracting and condensing this sample with toluene, it dissociated by HPLC (column: KOSUMO seal 
Buckyprep pack DOKARAMU). By 13 C-NMR, it has checked that silicon FURAREN was formed. 
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TECHNICAL FIELD 



[Field of the Invention] This invention relates to the process of the functional silicon ingredient containing at least 
one sort of the hollow-onion-like silicon which connotes a silicon nanotube, silicon FURAREN, 
hollow-onion-like silicon, and a metal. 

[0002] in addition, in this invention, the core of "hollow-onion-like silicon" is hollow, and the silicon laminated 
structure has developed into the onion to the perimeter — the silicon particle of the shape of spherical or a 
polyhedron is meant. In such hollow-onion-like silicon, the laminating of the silicon laminating is carried out to 
dozens of layers from the monolayer. 

[0003] moreover, metal particles exist in the hollow of the core of the above-mentioned "hollow-onion-like 
silicon" with "the hollow.-onion-like silicon which connotes a metal" ~ the silicon particle of the shape of 
spherical or a polyhedron is meant. Although especially the metal to connote is not limited, Mg, aluminum, Au, 
etc. are mentioned, for example. 
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PRIOR ART 

[Description of the Prior Art] Conventionally, the highly efficient carbon material (a carbon nanotube (a 
"nanotube" may only be told to below), fiillerene, hollow-onion-like qarbon, hollow-onion-like carbon that 
connotes a metal) of nano size is compounded by the gaseous phase by the carbon arc process, the spatter, the 
laser light irradiating method, etc. by using carbon materials, such as amorphism carbon and graphite, as a raw 

material. 

[0005] On the other hand, although there is an example of research of the silicon cluster composition by the 
gaseous phase about a silicon ingredient, there is no example which compounded the silicon nanotube which 
replaced the carbon of a functional carbon material with silicon, silicon FURAREN, hollow-onion-like silicon, the 
hollow-onion-like silicon that connotes a metal. That is, according to the above-mentioned physical approach, a 
functional carbon material is formed of disassembly of the raw material by high temperature, evaporation, 
recombination, deposition, etc., but in applying this approach to composition of a silicon system ingredient, there 
is a trouble that disassembly of a raw material and evaporation cannot take place easily. 

[0006] Since the functional silicon ingredient is equipped with the property which was excellent in versatility, if a 
practical synthetic technique is established, application in large fields, such as an environmental-proof ingredient, 
a heat-resistant ingredient, an abrasion resistance ingredient, a hydrogen absorption ingredient, an electron ray 
radiation emitter, and other electronic ingredients, is expected. Furthermore, when the technique which can form 
the high grade thin film which arranged the functional silicon ingredient on the substrate is established, it is 
predicted as a thing also with the further increasing usefulness. 
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EFFECT OF THE INVENTION 



[Effect of the Invention] According to this invention, the following remarkable effectiveness is attained. 

[0049] (1) A silicon nanotube, silicon FURAREN, hollow-onion-like silicon, and metal-endocyst-onion-like 

silicon are producible by irradiating at least one sort of light, an electron beam, and an ion beam, or heat-treating 



such a polysilane ingredient to the polysilane ingredient containing either [ at least ] -Si=Si- or -Si** Si-, or 
exposure-processing and heat-treating such a polysilane ingredient. 

[0050] (2) choosing suitably the exposure processing and heat-treatment by light, the electron beam, and the ion 
beam as a processing means of a polysilane ingredient — or either a silicon nanotube, silicon FURAREN, 
hollow-onion-like silicon and metal-endocyst-onion-like silicon are alternatively producible by combining two or 

more processings. 

[0051] (3) Therefore, the functional silicon ingredient by this invention is useful as an environmental-proof 
ingredient, a heat-resistant ingredient, an abrasion resistance ingredient, a hydrogen absorption ingredient, an 
electron ray radiation emitter, other electronic ingredients, etc. 
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TECHNICAL PROBLEM 



[Problem(s) to be Solved by the Invention] Therefore, this invention sets it as the main purposes to offer the new 
technique which compounds functional silicon ingredients, such as a silicon nanotube, silicon FURAREN, 
hollow-onion-like silicon, and hollow-onion-like silicon that connotes a metal, by high yield and the high grade. 
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MEANS 



[Means for Solving the Problem] this invention person uses as a raw material the polysilane ingredient which has 
either [ at least ] a reactant double bond or a triple bond, as a result of advancing research in view of the present 
condition of the above techniques. That the new technique which compounds functional silicon ingredients, such 
as a silicon nanotube, should be completed, as a result of repeating research wholeheartedly, by using the 
electrochemistry reduction-technique The polysilane ingredient (precursor) which has a double bond and/or a 



triple bond reactant near ordinary temperature is compounded. By irradiating light, an electron ray, an ion beam, 
etc. at low temperature comparatively at this precursor, or heat-treating this precursor, crosslinking reaction was 
carried out and it succeeded in manufacturing a functional silicon ingredient. 

[0009] That is, this invention offers the new manufacture approach of the functional silicon ingredient shown 

below.; 

1. by irradiating at least one sort of light, an electron ray, and an ion beam to the polysilane ingredient containing 
at least one sort of -Si=Si- and -Si**Si- Or by heating the polysilane ingredient containing at least one sort of 
-Si=Si- and -Si**Si- Or by presenting exposure processing and heat-treatment with the polysilane ingredient 
containing at least one sort of -Si=Si- and -Si**Si- The process of the functional silicon ingredient characterized 
by making at least one sort of the hollow-onion-like silicon which is made to react and connotes a silicon 
nanotube, silicon FURAREN, hollow-onion-like silicon, and a metal form. 

[0010] 2. Process of functional silicon ingredient given in above-mentioned term 1 using laser light of wavelength 
of 300-1200nm, output 0.1 - 10 mJ/cm2 as exposure light. 

[00 11] 3. Process of functional silicon ingredient given in above-mentioned term 2 using laser light of wavelength 
of 400-800nm, output 0.5 - 5 mJ/cm2 as exposure light. 

[0012] 4. Process of functional silicon ingredient given in above-mentioned term 1 which performs electron beam 

irradiation with acceleration voltage of l-2000kV to the bottom of reduced pressure of 10-2 - 10-7torr. 

[0013] 5. Process of functional silicon ingredient given in above-mentioned term 4 which performs electron beam 

irradiation with acceleration voltage of l-2000kV to the bottom of reduced pressure of 10-3 - 10-5torr. 

[0014] 6. Process of functional silicon ingredient given in above-mentioned term 4 which performs electron beam 

irradiation with acceleration voltage of 50-lOOOkV to the bottom of reduced pressure of 10-2 - 10-7torr. 

[0015] 7. Process of functional silicon ingredient given in above-mentioned term 6 which performs electron beam 

irradiation with acceleration voltage of 50-1 000k V to the bottom of reduced pressure of 10-3 - 10-5torr. 

[0016] 8. Process of functional silicon ingredient given in above-mentioned term 1 which performs ion beam 

exposure using helium ion or Ar ion made to ionize under reduced pressure of 100 - 10-4torr to the bottom of 

condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 nvA./cm2. 

[0017] 9. Process of functional silicon ingredient given in above-mentioned term 8 which performs ion beam 
exposure using helium ion or Ar ion made to ionize under reduced pressure of 10-1 - 10-3torr to the bottom of 
condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 mA/cm2. 

[0018] 10. The process of a functional silicon ingredient given in the above-mentioned term 8 which performs an 

ion beam exposure using helium ion or Ar ion made to ionize under reduced pressure of 100 - 10-4torr to the 

bottom of the condition of acceleration voltage 200V-lkV and the ion current 0.1-10 mA/cm2. 

[0019] 11. The process of a functional silicon ingredient given in the above-mentioned term 8 which performs an 

ion beam exposure using helium ion or Ar ion made to ionize under reduced pressure of 10-1 - 10-3 ton* to the 

bottom of the condition of acceleration voltage lOOV-lOkV and the ion current 0.01 - 100 ntAycm2. 

[0020] 12. The process of a functional silicon ingredient given in the above-mentioned term 1 which heats under a 

pressure 760 - 10-6torr, and a condition with a temperature of 100-2000 degrees C. 

[0021] 13. The process of a functional silicon ingredient given in the above-mentioned term 12 which heats under 
a pressure 10-1 - 10-3torr, and a 200-1500-degree C condition. 

[0022] 14. The process of a functional silicon ingredient given in the above-mentioned term 12 which heats under 
a 100-2000-degree C condition whenever [ helium / of a pressure 760 - 10-4torr /, or Ar ambient atmosphere 
moderate temperature ]. 

[0023] 15. The process of a functional silicon ingredient given in the above-mentioned term 14 which heats under 
a 200-1500-degree C condition whenever [ helium / of a pressure 760 - 10-4torr /, or Ar ambient atmosphere 



moderate temperature ]. 
[0024] 

[Embodiment of the Invention] As compared with the conventional approach, this invention approach is a 
half-chemical synthesis method under mild conditions, and is the technique of manufacturing the new functional 
silicon ingredient which assembles structure by the chemical reaction and goes. 

[0025] All or some of side chain carries out dehalogenation of the polysilane permuted with the halogen by 
electrode reduction, and the polysilane ingredient which has at least one sort of the reactant double bond which 
serves as a raw material in this invention approach, and a triple bond compounds the polysilane ingredient which 
has a double bond and/or a triple bond. 

[0026] The polysilane by which all or some of side chain is permuted with the halogen is a well-known ingredient, 
for example, the process is reported to JP,63-233007,A etc. in detail. Therefore, the process is not limited, and can 
also mix and use two or more sorts which are [ molecular weight / a permutation condition, ] different. In the 
polysilane derivative by wjiich some side chains are permuted with the halogen, any side chain radicals other than 
a halogen are not limited to these, although hydrogen, methyl, phenyl, etc. are illustrated. 

[0027] Moreover, in order for the above-mentioned side chain to compound the polysilane ingredient which has a 
double bond and/or a triple bond from the polysilane permuted with the halogen, electrode electrolytic reduction 
is performed. It is desirable to use reactant electrodes, such as Mg, aluminum, and Zn, as a working electrode in 
three electrode methods as an anode plate in the nonaqueous solvent which dissolved the supporting electrolyte 
and the energization assistant on the occasion of electrolytic reduction in two electrode methods. 
[0028] On the occasion of electrolytic reduction, one sort or these alloys of magnesium, aluminum, and zinc are 
used as a reactant electrode (namely, the anode plate in two electrode methods or the counter-electrode in three 
electrode methods). Especially as these alloys, although not limited, a magnesia alloy ("magnox";Mg=98.89%, 
aluminum=l%, calcium=0.1%, Ba=0.01%), an aluminium alloy ("duralumin" ;aluminum=95%, Cu=4.6%, 
Mg=0.5%), a zinc-aluminium alloy (Zn=78%, aluminum=22%), etc. are illustrated. 

[0029] Moreover, the ingredient of the cathode in two electrode methods and the working electrode in three 
electrode methods, especially a configuration, etc. are not limited. Stainless steel, carbon, platinum, gold, etc. are 
illustrated as these ingredients. An electrode configuration can choose the configuration of arbitration, such as a 

wire, a mesh, and a plate. 

[0030] As a supporting electrolyte, LiCl, LiC104 and LiBF4, NH4C1, NH4C104, NH4BF4, 4(CH3) NCI, 4(CH3) 
NC104, 4(CH3) NBF4, etc. are mentioned. In these, LiCl is more desirable. The operating rate of a supporting 
electrolyte is usually about 0.0 1 - 10 % of the weight to a solvent, and is about 0.5 - 5 % of the weight more 
preferably. 

[0031] As an energization assistant, FeC12, Fe (C104)2, Fe (BF4)2, etc. are mentioned, and FeC12 is more 
desirable in these. The operating rate of an energization assistant is usually about 0.1 - 30 % of the weight to a 
solvent, and is about I - 20 % of the weight more preferably. 

[0032] As a nonaqueous solvent, a tetrahydrofuran, N.N-dimethylformamide, an acetonitrile, etc. are mentioned 
and a tetrahydrofuran is more desirable in these. The amount of the nonaqueous solvent used is usually about 
20-200 weight twice to the aromatic hydrocarbon derivative which has a halogen atom, and is about 50-100 
weight twice preferably. 

[0033] In an electrolytic reduction reaction, when an electron moves to the polysilane derivative which has the 
halogen atom which is a reaction raw material and the functional group desorbed from the reaction intermediate 
****s as an anion, a silicon radical generates to a polysilane derivative and an adjacent silicon radical carries out 
coupling to it. When this reaction advances continuously, the silicon ingredient with which the multiple bond 
developed into altitude is obtained from a polysilane derivative. However, in this electrolytic reduction reaction. 



an adjacent silicon radical is accompanied also by side reaction, such as decomposition in coupling (crosslink) of 
the silicon radical which it not only carries out coupling, but exists in a different molecule, and the generic point 
of a silicon radical, and disproportionation. 

[0034] in order [ then, ] to reduce side reaction ~ M(dppe)2X2[~ among a formula, Fe, Co, or nickel;X adds CI, 
Br, or 1] as a catalyst, and M gives priority to a main reaction. This operating rate of M(dppe)2X2 is usually about 
0.01-5 % of the weight to a solvent, and is about 0.1 - 2 % of the weight more preferably. 

[0035] As for the electrode electrolytic reduction of this invention, it is desirable to carry out under inert gas, such 
as nitrogen, argon gas, and helium. 

[0036] On the occasion of the electrode electrolytic reduction of this invention, an about [ 5-50V ] electrical 
potential difference is usually impressed, and an about [ 10-30V ] electrical potential difference is impressed more 
preferably. 

[0037] Moreover, the temperature at the time of the electrode electrolytic reduction of this invention is usually 
within the limits of about -20-10 degrees C, and is within the limits of about -10-5 degrees C more preferably. 
Reaction time is usually within the limits of about 5-24 hours, and is within the limits of about 8-12 hours more 
preferably. 

[0038] The silicon ingredient obtained by this invention approach includes either [ at least ] a double bond 

(-Si=Si-) or a triple bond (-Si**Si-). 

[0039] The attempt which compounds functional silicon ingredients, such as a silicon nanotube, by using a 
polysilane ingredient including such a reactant double bond and/or a reactant triple bond as a raw material is not 
made conventionally. 

[0040] By carrying out exposure processing of at least one sort of light (for example, laser light), an electron ray, 
and an ion beam to this in this invention by making a polysilane ingredient including a reactant double bond 
and/or a reactant triple bond into a precursor By heat-treating such a polysilane ingredient, or or by 
exposure-processing and heat-treating such a polysilane ingredient The ingredient or thin film which consists of a 
silicon nanotube, silicon FURAREN, hollow-onion-like silicon, hollow-onion-like silicon that cormotes a metal, 
or two or more sorts of such inclusion (it may be called the "purpose product" below) is obtained. 
[0041] Composition of the purpose product can be performed by irradiating at least one sort, such as light, such as 
laser light, an electron beam, and an ion beam, or heat-treating a raw material polysilane ingredient to the 
above-mentioned raw material polysilane ingredient, or exposure-processing, and heat-treating a raw material 
polysilane ingredient (the sequence of both processings not being asked), and producing a reaction within a raw 
material. 

[0042] In performing an optical exposure to a raw material polysilane ingredient, it usually uses the wavelength of 
about 400-800nm, an output 0.5 - about two 5 mJ/cm laser light more preferably the wavelength of about 
300-1 200nm, an output 0.1 - about two 10 mJ/cm. Although what is usually used can be used for the class of laser 
light and it is not restricted especially, Nd:YAG laser, Ti:Sa laser. Dye leiser, Dye+SHG laser, AH- laser, KH- laser, 
etc. are mentioned, for example. 

[0043] In performing electron beam irradiation to a raw material polysilane ingredient, it usually irradiates the 
bottom of reduced pressure of 10-2 - 10-7torr extent (preferably 10 -3 - 10-5torr extent) with the acceleration 
voltage of about (preferably about 50- 1 OOOkV) 1 -2000k V. 

[0044] In performing an ion beam exposure, it arranges a raw material polysilane ingredient in a reduced pressure 
chamber (they are usually 10-1 - 10-3torr extent more preferably than 100 - 10-4torr extent;). The bottom of an 
about (preferably 200 about V-lkV) acceleration voltage lOOV-lOkV and the ion current 0.01 - about (preferably 
about two 0.1-10 mA/cm) two 100 mA/cm condition is irradiated using helium ion or Ar ion made to ionize. 
[0045] When irradiating in order to give reaction energy to a raw material polysilane ingredient, it is more 



desirable as a source of an exposure to use laser light. 

[0046] In heating a raw material polysilane ingredient, it usually heats at about (preferably about 200-1500 
degrees C) 100-2000 degrees C under reduced pressure of 760 - 10-6torr extent (preferably 10 under the pressure 
of -1 - 10-3torr extent). Or a polysilane ingredient may be heated at about (preferably about 200-1500 degrees C) 
100-2000 degrees C among helium of 760 - 10-4torr extent, or Ar ambient atmosphere. 

[0047] Furthermore, on the occasion of processing of a raw material polysil£tne ingredient, at least one sort and 
heat-treatment of the above-mentioned exposure processing may be used together. 



[Translation done.] 
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EXAMPLE 



[Example] It compounded by the approach of showing an example 1 functionality silicon ingredient below. 
[0053] Polysilane (HO-(St (CH3) (C6H5)) n-OH:n=50) is used as a raw material. Polysilane is chlorinated and it 
is a chlorination object (HO- (after forming n-OH) (Si (CH3) (C6H5)) (Si (CH3) (CI))). According to the 
approach of carrying out electrolytic reduction of the polytetrafluoroethylene film shown in JP,8-335702,A in a 
reactant anode plate, the polysilane ingredient with the part which has a double bond was compounded. 
[0054] That is, with the following solvents, the chlorination object of the above-mentioned polysilane was 
prepared into the flask, and was dissolved. 
[0055] 

Tetrahydrofuran 30ml lithium chloride 0.8g ferrous chloride The vacuum drying was carried out, after having 
impressed the electrical potential difference of 40V between the anode plate (magnesium) installed in the flask, 
and cathode (stainless steel), having returned at 0 degree C for 10 hours, obtaining the polysilane powder which 
the double bond generated and washing this by the tetrahydrofuran subsequently to argon gas 0.48g, carrying out 
bubbling by argon gas after permuting the inside of a flask. The polysilane thin film was made to form on a 
substrate with a spin coat method by using the obtained product as a toluene solution 25%. 

[0056] After carrying out embedding of the polysilane thin film including the prepared double bond to the epoxy 
resin and cutting using a* microtome for the electron-beam-irradiation processing by the transmission electron 
microscope (TEM:HITACHI H7100), the sample electrode holder was heated at 800 degrees C under the high 
vacuum of 10-6torr, and the electron ray was irradiated with the acceleration voltage of 1 OOkV. 
[0057] Consequently, it has been checked with the transmission electron microscope that the silicon nanotube had 
been formed into the sample. 

[0058] After carrying out embedding of the polysilane ingredient sample including the double bond produced like 
example 2 example 1 to the epoxy resin and cutting using a microtome for the electron-beam-irradiation 
processing by the transmission electron microscope (TEM:HITACHI H7100), the sample electrode holder was 
heated at 300 degrees C under the high vacuum of 10-6torr, and the electron ray was irradiated with the 



acceleration voltage of lOOkV. 

[0059] Consequently, it has been checked with the transmission electron microscope that the onion-like silicon 
which connotes a magnesium particle had been formed into the sample. In case this magnesium particle returns a, 
raw material, it is considered that the magnesium ion generated from the anode plate deposited in the thin film as 

metal magnesium. 

[0060] The onion-like silicon sample which coimotes the magnesium particle produced like example 3 example 2 
was raised to actuation of an example 2, sample electrode-holder temperature was succeedingly raised to 800 
degrees C, and it held for 10 minutes. Consequently, the magnesium particle by which endocyst was carried out 
carried out melting evaporation, and was removed, and hollow-onion-like silicon was formed into the sample. 
[0061] The ion beam (Kauffmann mold ion source: an argon ion beam, acceleration voltage:500V, ion current 
consistency: lmA/cm2) was irradiated for 10 minutes in the reduced pressure chamber (4xl0-2torr) to the 
polysilane ingredient sample including the double bond produced like example 4 example 1 . 
[0062] After extracting and condensing this sample with toluene, it dissociated by HPLC (column: KOSUMO seal 
Buckyprep pack DOKARAMU). By 13 C-NMR, it has checked that silicon FURAREN was formed. 



[Translation done.] 



